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13, A@STRACT 
AN 

With the development of HF and DF lasers having emission lines in the range 
from 2800 to 3700:cm~4 (HF) and 2000 to 27504m~! (DF), it is of importance to 
establish which of the more than 100 lines can be transmitted through a variety of 
atmospheric paths. The spectral region of HF emission spans a very important 
water vapor absorption band and, in addition, there is strong absorption by CO9g 
and weaker absorption by ozone and methane. The spectral region of DF emission 
covers the very strong 4.3 2m COg absorption band and weaker absorption by NgO 
and HDO at higher frequencies (low DF vibrational transitions). There is some 
weak ozone absorption also in the region of DF emission. Absorption lines associ- 
ated with all of these molecules were included in the calculation of synthetic spectra 
covering the region of HF and DF emission. After limiting the number of emission 
lines to be considered in detail acco ding to a criterion based on atmospheric 
attenuation, a series of tables was constructed providing quantitative attenuation 
information for each of 97 laser lines and for 10 different atmospheric models. 
Data based on two different aerosol scattering models are incladed in these tables. 


It 1s concluded that due to both atmospheric attenuation and laser emission 
energy, 1t 1s advantageous in general to develop laser systems using the higher 
vibrational transitions of the HF emission and the lower vibrational transition of 
the DF emission. 
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Abstract 


With the development of HF and DF lasers having emission lines in the range 
from 2800 to 3700 cm7! (HF) a. d 2000 to 2750 em! (DF), it is of importance to 
establish which of the more than 100 lines can be transmitted through a variety of 
atmospheric paths. The spectral region of HF emission spans a very important 
water vapor absorption band and, in addition, there is strong absorption by COo 
and weaker absorption by ozone and inethane. The spectral region of DF emission 
covers the very strong 4.3 jm COs absorption band and weaker absorption by N90 
and HDO at higher frequencies (low DF vibrational transitions). There is some 
weak ozone absorption also in the region of DF emission. Absorption lines associ- 
ated with all of these molecules were included in the calculation of synthetic 
spectra covering the region of HF and DF emission. After limiting the number of 
emission lines to be considered 1n detail according to a criterion based on atmo- 
spheric attenuation, a series of tables was constructed providing quantitative 
attenuation information for each of 97 laser lines and for 10 different atmospheric 
models. Data based cn two different aerosol scattering models are included in 
these tables. 

It is concluded that due to both atmospheric attenuation and laser emission 
energy, it 1s advantageous in general to develop laser systems using the higher 
vibrational transitions of the HF emission and the lower vibrational transition of 
the DF emission. 
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Atmospheric Attenuation of 
HF ond DF Laser Radiation 


1, INTRODUCTION : 


The development of HF and DF lasers and the potential application of these. 
lasers to problems involving transmittance paths in the atmosphere requires an 
understanding of the attenuation characterictics of the atrnosphere for the specific 
frequencies of laser emission. There are a great many HF and DF laser frequen- ° 
cies (Deutsch, 1967; Basov et al., 1971), and the atmospheric attenuation for each 
one may be quite different. The reported laser emission frequencies range from 
about 2000 cm"! to over 2750cm7! for DF and from 2800 cm~! to over 3700cm7! 
for HF. 

In the region of the HF emission lines, there is strong absorption due to the 
2.7 2m bands of both H2O and CO» (see Gates et al., 1964; Calfee and Benedict, 
1966), Since the low-lying vibrational lines of HF occur near these atmospheric 
band centers, an improvement in atmospheric transmittance can generally be 
obtained by considering the higher-lying vii rational transitions. There 1s also 
weaker, but significant absorption by ozone (McCaa and Shaw, 1967) and methane 
(Kyle, 1968) in the same spectral region, and all of these absorbing constituents 
were considered in the computations contained in this report. 

In the region of the DF emission lines, there is strong absorption due to the 
4.3 pm band of CO»g (Gray and McClatchey, 1964; Gryvnak et al., 1966). However, 


(Received for publication 16 May 1972) 
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this absorption becomes important for frequencies below about 2400 em-}, and at 
higher frequencies, the atmosphere is much more transparent except in localize. 
regions near individual spectral absorption lines of Nj0 and HDO. At even lower 
frequencies corresponding to higher DF vibratianal transitions, there 1s consider- 
able absorption due to N90, CO, O3, and Nog. The spectral region covered in this 
report includes a large number of absorption lines, all of which are pressure- 
broadened under atmospheric conditions so that some molecular absorption occurs 
at all frequencies where either HF or DF lasers emit. 

In addition to molecular absorption, three other sources of attenuation should 


be considered (McClatchey et al., 1970): molecular (or Rayleigh) scattering, 


aerosol scattering, and aerosol absorption. Attenuation due to molecular seatter~ 


ing (o,,) 1s easily computed and is foand to be less than 1078 per km at all al*i‘ndes 


and 1s thus completely negligible. Aerosol attenuation (both absorption and scatter- 


ing) can be significant, so examples of,this attenuation for two specific aerosel 


nodels iiave been included (see Figures 1a and 1b), It should be noted that aerosol 


attenuation ts a very slowly varying function of frequency and, therefore, provides 
a quas)-continuum attenuation over the whole spectral range of interest, whereas 
the molecular absorption is highly frequency-dependent. Thus, molecular absorp- 
tion determines the relative windows" where the transmittance of an HF or DF 
laser beam is greatest. It should be noted (see Appendix B) that the predicted 
molecular absorption fur some DF laser emission lines is sufficiently low that 


aerosol effects (both absorption and scattering) are predicted to dominate the 
attenuation, 
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Figure la. Atmospheric Transmittance Figure 'o. 
due to Aerosols Through a 10-km Hor:- 
zontal Path at Sea Level in a ‘clear’ 
and a "hazy" Atmosphere 
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2. TASER EMISSION FREQ'IENCIES 


Since the frequencies of the atmospheric absorption lines are known quite 
accurately (£0.01 cm7!)}, .t 1s important that the laser frequencies used in our 
calculations be known to similar accuracy. The list of measured laser frequencies 
given by Deutsch (1967) has been used where available and the remaining lines used 
are as calculated by Basov et al. (1971). The frequencies of the HF and DF lines 
are presented in Table 1 and Table 2, respectively. Computations of atmospheric 
attenuation were made for each line appearing in Table 1 and Table 2. The column 
in Tables 1 and 2 associated with each laser frequency gives tre attenuation per 
kilometer computed on the basis of the Midlatitude Winter Model (see Section 3). 
This gives a good idea of the relative atmospheric attenuation for all lines. In the 
interest of minimicing the size of this report, it was decided to reduce the number 
of laser emission lines for which detailed results are given in Appendices A and B 
according to the following scheme: using the Midlatitude Winter attenuation coeffi- 
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cient at sea level as a guide (see Tables : and 2}, charts were not included in 
Appendices A and B if Kmy > 10.0. 
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Table 1. HF Laser Frequencies According to Deutsch (1967) and Basov et al. 
(1971) for which Attenuation Coefficients have been Computed. The attenua- 
tion coefficients included in this table refer to molecular absorption through a 
1-km horizontal path at sea level. An asterisk \-) indicates that detailed 
information has been provided in Appendix A 
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Rot. ID 


2-1 Band 


3693. ce 3282. 86 
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Table 1. HF Laser Frequencies According to Deutsch (1967) and Basov et al. 
(1971) for which Attenuation Coefficients have been Computed (Cont) 


v 


6-5 Band 
2961. 68 


2921. 74 
2880. 70 
2838, 59 


*Indivates that detailed information has been provided in Appendix A 


Table 2, DF Laser Frequencies According to Deutsch (1967) and Basov et al. 
(1971) for which Attenuation Coefficients have been Computed. The attenua- 
tion coefficients included in this table refer to molecular absorption through a 
1-km horizontal path at sea level. An asterisk (*) indicates that detailed 
information has been provided in Appendix B 


1-0 Band 3-2 Band 


2665. 20 0.00752 2445. 29 
* P12 2611.10 0.00377 * P13 2419.02 0. 0885 
* P15 2527. 06 0.0155 2392. 46 


2498.02 0.0282 


4-3 Band 


2-1 Band 


2552.50 0,0143 
* P3 2750.05 0.00898 * P6 2509.86 0.0218 
* P4 2727.38 0.00653 *P7 2486.83 0.0349 
* PS 2703.98 0.00171 * PB 2463.25 0, 0563 
* P6 2680.28 0.0139 * PS 2439.29 0, 0758 
*P7 2655.97 0.0144 *PIG 2414.89 0, 0921 
* PB 2631.09 0.00348 * PI 2390.07 0. 287 
* Pg 2605.87 0.00776 
* P10 2580.16 ~—-:0,0295 5-4 Band 
S 
ates ee nie * PT 2404.63 0.0965 
ae PB 2381.73 64.7 
*P13 2500.32 ~=—-0, 0265 : 
; PIO «2334.63 270.0 
*P16 «2417.27 ~—-0. 0901 
SBE? Saha; Motte Pil 2310.45 183.0 
P12 2285.88 «18.7 
Whee *PIS 2260.92 4.13 | 
2662.17 0.0079 6-§ Band 
re ame reer * PA 2388.02 1.97 
2617.41 0.00276 : 
Sroee  oaneet 27 2323.89 77.1 
2570.51 0,0560 a ey eee 
2546.37 0.0356 ae ge eee 
ayia «-ocoles PIO 2255.71 11.4 
Stsec? Ma aOea * PL 2232.15 0. 571 


2471, 34 0.0491 
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Table 2. DF Laser Frequencies According to Deutsch (1967) and Basov et al. 
(1971) for which Attenuation Coefficients have been Computed (Cont) 


Rot. ID 


7-6 Band 8-7 Band 


* P5 2286.45 3,53 < PQ 2123.24 0,0296 
* P6 2265.65 1.87 *P10 2101.27 0.0822 
* P7 2244.38 2. 79 *P12 2056.14. 9,.0222 
* PB 2.12.68 0. 233 *P13 2033.01 0.0198 
* P9 “90.54 0.352 
* P10 177,99 0.0979 9-8 Band 
* Pll 2155.03 0.0344 et ae .eniee 
rele SAE CPE Iee *P7 2088.34 0. 0567 
* PB 2067.76 0. 112 
GE Bond * PQ 2046.77 0. 262 
* P5 2208.87 0. 453 *P10 2025.36 = 0.0864 
* PG 2186.63 0.483 * Pll 2003.56 0, 0480 
* P7 2165.93 0.0459 *P12 «1981.38 0, 0557 


2144, 80 


*Indicates that detaiied information has been provided in Appendix B 


3. ATMOSPHERIC MODELS 


The atmospheric models used 1n the computations have been fully described by 
McClatchey et al. (1970), and so only a brief sketch will be provided here. Five 
mode. atmospheres for pressure, temperature, Hy O, and O, distributions have 
been used and are referred to as Tropical, Midlatitude Summer, Midlatitude 
Winter, Subarctic Summer, and Subarctic Winter. They refer to models of the 
same names defined in the Handhook of Geophysics and Space Environment (Valley, 
1965). Because the major effect these five different models have on the computa- 
tions in this report 1s due to the differences in water vapor distribution, Table 3 
indicates the water vapor amounts in a 10-km sea level path, a 10-km horizontal 
path at 12-km altitude, and in a vertical path through the entire atmosphere. The 
water vapor distribution in all models is identical above 11-km altitude. 

In addition to the five models described above, computations were made for 
two aerosol models (see Figures la and 1b), The details of these models are also 
described by McClatchey et al. (1970). Briefly, the two models describe a "clear" 
and "hazy" atmosphere corresponding to a ground level visibility o° 23 and §km, 
respectively. The aerosol size distribution function for both models is the same 
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Table 3. Amount of Water Vapor (precipitable centimeters) in the Five Model 
Atmospheres for which Calculations have been made 


Tropical Midlat. Midlat. Subarc, 
Summer Winter Summer 


10-km Horizontal 
Path at Sea Level 


10-km Horizontal 


Path at 12-km — 0.906 0. 006 0. 006 calbd 
Altitude 


Vertical Path from 
Sea Level to Space 2.93 0. 853 2.08 


at all altitudes and similar to one suggested by Deirmendjian (1963) for continental 
haze. It differs from Deirmendjian's model "C" in that the large particle cut-off 
has been extended from 5 pm to 10 p.m. 

The refractive index for the aerosols is assumed real for \ £ 0.6m. For 
\ > 0.6um, the imaginary part 1s assumed to increase linearly to a value of 0.1 
for }2 24m. This model is pased on measurements by Volz (1957). 

The total numbers of aerosol particles per unit volume for the "clear" atmo- 
sphere have been adjusted to give an extinction coefficient at A = 0.55,:m identical 
to the attenuation model of Elterman (1968 and 1970) at each altitude. The "clear" 
and "hazy" models are identical above 5km. Below 5-km altitude, the number of 


aerosol particles in the "hazy'' model increases exponentially to a value correspond- 
ing to a ground visibility of 5km. 


4. COMPUTATIONAL TECHNIQUES FOR MOLECULAR ABSORPTION 


In the spectral region covered, molecular absorption by water vapor, 
carbon dioxide, nitrous oxide, ozone, carbon monoxide, methane, and nitrogen occurs. 
Carbon dioxide, nitrous oxide, methane, and carbon monoxide were taken to be 
uniformly mixed by volume in the atmosphere at 330 ppmv, 0. 28ppmv, 1.6ppmv, 
and 0.075 pomv, resx.ctitely, The water vapor and ozone were distributed accord- 


ing to the models desu. ‘+d above. A Lorentz line shape as given in Eq. (1) was 
assumed for each line. 
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in which S is the line intensity, @ is the line half-width, v, is the éentral line fre- 
quency, and v is the laser frequency. Fcr pressures ree than 10mb, a Voigt 
profile was used in the calculations (see Young, 1965). The laser frequency (vy) 
was assumed monochromatic for the purposes of this calculation. In general, a 
large number of absorption lines belonging to different molecules contribute to the 
attenuatior at any specific laser frequency, so the total optical depth (O. D.) must 


be evaluated and is given by Eq. (2). 


1. @.m, : ; 
O:Di 2 SS a. ae (2) 


jth absorbing gas. 


where m) represents the amount of the j 
Pressure broadening enters through the aij values in Eq. (2). The Lore ..z 


line width is given by 


1 
@=a, P/Po/ “2. A 


The line intensity (S) 1s also temperature dependent through the population ar the 
lower state of the transition and through the partition functions. These pressure 
and temperature effects have been included for all lines. The wings of all lines 
within t+ 20cm-~! of frequency, v, were considered to contribute to the absorption 
coefficient at frequency v. sy 7 : 


5. RESULTS 


Figures 2a through 2k provide a high resolution {infinite résolution) transmit- 
tance spectrum for a 10-km horizontal path at sea level corresponding to the 
»lidlatitude Winter model atmosphere. These curves cover the entire spectral 
region 2120 to 3740 wavenumbers. The resulting curves for frequencies in the 
range 2240 to 2360 cm~! and 3500 to 3740 cm-! were entirely black (transmittance 
< 1073), 

Figures 3a through 3n provide a high resolution transmittance spectrum for a 
10-km horizontal path at a 12-km (approx. 40,000 ft) altitude. 

Figures 2 and 3 are intended to provide the reader with a quick method for 
estimating the re’°tive attenuation of the various HF anc DF laser lines. These . 
figures taken together with similar figures presented by McClatchey (1971), provide 
synthetic atmospheric spectra for sea level and 12-km altitude for the entire spec- 
tral region froin 1400 te 3740cm-!, 


nme Tie Le 


t y : , y 
Having made this quick estimate, Appendices A and B provide detailed quanti- 
tative information on attenuation for each of the model atmospheres described 
above, The notations used in the column headings should be read as follows: 


‘ 


nn 
u 


molecular absorption coefficient, 


m 
Cui molecular scattering coefficient, 
k, = aerosol absorption coefficient, “t 


o, 5 aerosol scattering coefficient. 
.g N Z 1 
All attenuation coefficients are; given in units of km-!, Zero entries indicate ; 
that the computed value is less than 1078, ‘ The total attenuation ‘coefficient per 
kilometer is given by Eq. (3). 
; | | | 
yk + otk, + o, ; (3) 
For horizontal paths, y can be simply multiplied by the range, R, in km in order 
to determine the total optical depth. The transmittance is then given by Eq. (4) 


a t= exp (-yR). (4) 


| . : Fj 
If the atmospheric transmittance is required for a vertical or slant path, the 


entries i. Appendix A or B must be summed (excluding the first entry) between the 
two altitude levels of interest and multiplied by the height increment (AH = 1km 
beldw 25 km). The result should be multiplied by the appropriate sec 6 (where @ 
is the zenith angle) value to determine the total optical, depth. The transmittance is 
then given by Eq. (5). The use of sec @ in Eq. (5) must be restricted to @ £ 80°, 

: For larger angles, curvature and refractive effects become increasingly important, 
and sec @ must be replaced: by an appropriate air mass parameter (see McClatchey 
et al,, 1970) 


i 


t= exp - (sec 62, y, AH,)'. . (5) 


A general conclusion that can be drawn from Figures 2 and 3 and the charts 
presented in Appendices A and B is that, in general,' atmospheric attenuation is 
less for the higher HF vibrational transitions and for the lower DF vibrational 
transitions. According to Basov et al. (1971), the relative energy of'the emission 
lines remains substantial for the higher vibrational HF lines but decreases markedly 
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for the higher vibrational DF lines. Thus, atmospheric attenuation should prob- 
ably be used as the primary guide for laser systems intended to utilize HF or DF 
lasers in the atmosphere. 

Special note should be made of the spectral region shown in Figures 2b-2c. 
Absorption due to No is responsible for the continuous underlying absorption in 
this region. For example, at 2400 cm! the sea level transmittance over a 
10 km horizontal path (See Figure 2b) is 0.38. However, due to the dependence of 
this absorption on the square of the pressure, the transmittance increases rapidly 
with height as can be seen in Figures 3c-3d. 

An example of the use of the data presented in Figures 2 and 3 and Appendices 
A and B follows. An examination of Figure 2d shows ata glance that there is a 
relative transmittance maximum near 2632 em}, and (from Appendix B) the P8 
line of the 2-1 vibrational band of DF located at 2631.09 is very close to this 
maximum. 

Having determined that this line is a relatively good line to work with in terms 
of atmospheric attenuation, reference can now be made to the appropriate page of 
Appendix B. Here, we can determine, for example, that the optical depth per 
kilometer at sea level corresponding to the Midlatitude Winter Model and neglecting 
aerosol scattering and absorption effects is 0.00348. For a 10-km horizontal path 
at sea level, the optical depth is thus 0.0348 and the transmittance is 
exp (-0.0348) = 0.966. If aerosol effects are to be included, the attenuation coef- 
ficients (or optical depths) must first be added and then transmittance determined 
according to t = exp (-optical depth). The resulting transmittance for a 10-km 
horizontal path at sea level including aerosol effects is 0.726 for the "clear" aero- 
sol model and 0.246 for the "hazy" model. 
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Appendix A 


Attenuation Coefficients (km-! ) for a Selected List 
of HF Laser Frequencies for Five Geographical 
Model Atmospheres and Two Aerosol Models 
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Appendix B 


of DF Laser Frequencies for Five Geographical 
Model Atmospheres ond Two Aerosol Models 


Attenuation Coefficients (km-1) for a Selected List 
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